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Edited by Felix WielandAbstract We applied diﬀerent methods, such as turbidity mea-
surements, dynamic light scattering, diﬀerential scanning calo-
rimetry and co-sedimentation assay, to analyze the interaction
of small heat shock protein Hsp27 with isolated myosin head
(myosin subfragment 1, S1) under heat-stress conditions. Upon
heating at 43 C, Hsp27 eﬀectively suppresses S1 aggregation,
and this eﬀect is enhanced by mutations mimicking Hsp27 phos-
phorylation. However, Hsp27 was unable to prevent thermal
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Mammalian small heat shock protein with apparent molec-
ular mass 27 kDa (Hsp27) and aB-crystallin are closely related
members of a large family of small heat shock proteins
(sHSPs) [1]. Almost all sHSPs assemble into large oligomeric
complexes that vary in structure and number of monomers
[2]. The dynamic organization of sHSPs oligomers seems to
be important for regulation of their activity. In vitro, sHSPs
act as molecular chaperones in preventing partially or fully un-
folded proteins from irreversible aggregation and insolubiliza-
tion [2–5], and chaperone activity of sHSPs is dependent on
their quaternary structure [6,7]. Diﬀerent protein kinases phos-
phorylate sHSPs, and by this means might aﬀect their oligo-
meric structure and chaperone activity [2,8,9]. Hsp27 is
eﬀectively phosphorylated by MAPKAP2 kinase [9], and this
phosphorylation modulates its activity in response to diﬀerent
stimuli and stress conditions [10,11]. Hsp27 phosphorylation
(or mutations mimicking phosphorylation) was demonstrated
to induce dissociation of large Hsp27 oligomers and formation
of dimers and tetramers [6,7,12–14].
Both Hsp27 and aB-crystallin are highly produced in muscle
tissues and their content is increased upon diﬀerent types of in-
jury, such as heat shock and ischemia. It seems very likely that
one of the main functions of these sHSPs in muscles is their
interaction with actin and myosin under unfavorable condi-
tions. Myosin and actin are the most abundant muscle proteins
and their interaction coupled with ATP hydrolysis by myosin
heads is the molecular basis of muscle contraction. Many
investigations have been devoted to analyses of the interaction
of sHSPs with actin [8,15–20]. In particular, we have shown
that Hsp27 mutant S15D, S78D, S82D mimicking phosphory-
lation (denoted as Hsp27-3D) does not interact with intact ac-
tin ﬁlaments, but prevents heat-induced aggregation of F-actin
by forming relatively small, stable and highly soluble com-
plexes with denatured actin [18,20].
Much less is known about interaction of sHSPs with myosin.
Up until now, the only publication by Melkani et al. [21] has
been devoted to the interaction of aB-crystallin with skeletal
muscle myosin. The authors showed that, upon incubation at
heat-shock temperature (43 C), aB-crystallin not only pre-
vents the aggregation of myosin, but also suppresses to some
extent the heat-induced inactivation of myosin ATPase. Theseblished by Elsevier B.V. All rights reserved.
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tary shadowed myosin molecules, allowed Melkani and coau-
thors to suppose that aB-crystallin and probably other
mammalian sHSPs may interact with the heads of myosin mol-
ecules under heat-shock conditions and suppress their thermal
unfolding leading to aggregation and ATPase inactivation [21].
To check this assumption and to elucidate how sHSPs inter-
act with myosin, we studied the eﬀects of Hsp27 and its
pseudophosphorylated mutant Hsp27-3D on the thermal
unfolding of isolated myosin head termed subfragment 1
(S1), as well as on its aggregation and inactivation of its ATP-
ase under heat-shock conditions. We found that, upon heating
at 43 C, the wild type Hsp27 and especially Hsp27-3D eﬀec-
tively suppress S1 aggregation. However, in contradiction with
the eﬀect of aB-crystallin described by Melkani et al. [21], we
did not observe any eﬀects of Hsp27 on the S1 thermal unfold-
ing as measured by diﬀerential scanning calorimetry (DSC) as
well as on the heat-induced inactivation of the S1 ATPase.Fig. 1. Kinetics of heat-induced inactivation of S1 K+-EDTA-ATPase
(A) and myosin Ca2+-ATPase (B) in the course of incubation of S1
(0.5 mg/ml) or myosin (0.04 mg/ml) at 43 C in the absence or in the
presence of Hsp27 (or Hsp27-3D). The weight ratios of sHSPs to S1 or
myosin in the incubation mixture varied from 1:8 to 1:1. In all cases,
the inactivation curves obtained in the absence or in the presence of
sHSPs were nearly the same, independently of the concentration of
sHSP added. 100% ATPase activity was 0.49 and 0.44 lmol Pi/min per
mg of protein for S1 and myosin, respectively.2. Materials and methods
2.1. Proteins
S1 from rabbit skeletal myosin was prepared by digestion of myosin
ﬁlaments with a-chymotrypsin [22]. The concentration of S1 was
estimated spectrophotometrically using extinction coeﬃcient E1% at
280 nm of 7.5 cm1. Recombinant human Hsp27 and its pseudo-
phosphorylated mutant Hsp27-3D were cloned, expressed and puriﬁed
as described earlier [16,23]. All proteins were homogeneous according
to SDS–PAGE [24].
2.2. ATPase inactivation
The thermally induced inactivation of S1 ATPase was measured
after heating the protein (0.5 mg/ml) at 43 C in the medium contain-
ing 30 mM Hepes (pH 7.3), 1 mM MgCl2, and 100 mM KCl, in the
presence or in the absence of Hsp27. S1 aliquots were heated for
appropriate periods of time, then cooled and subjected to ATPase
measurements. The experiments on myosin ATPase were performed
under similar conditions except that lower protein concentration
(0.04 mg/ml) and Tris–HCl (pH 7.5) buﬀer containing 5 mM CaCl2
was used instead of Hepes. The ATPase activity of S1 (or myosin)
was determined by Pi release [25] at 25 C in the medium containing
S1 or myosin (0.04 mg/ml), 1 mM ATP, and either 0.5 M KCl,
5 mM EDTA, and 50 mM Tris–HCl (pH 7.5) for K+-EDTA-ATPase,
or 5 mM CaCl2 and 25 mM Tris–HCl (pH 7.5) for Ca
2+-ATPase.
Reaction was initiated by addition of ATP and stopped after 10 min
of incubation by addition of HClO4 to ﬁnal concentration of 2.5%.
2.3. DSC studies
DSC experiments were performed on a DASM-4M diﬀerential scan-
ning microcalorimeter (Institute for Biological Instrumentation, Push-
chino, Russia) as described earlier [18,26,27]. All measurements were
performed in 30 mM Hepes-KOH (pH 7.3) containing 1 mM MgCl2
and 100 mM KCl. Protein solution was heated with constant rate of
1 K/min from 5 to 90 C. The reversibility of the thermal transitions
was tested by checking the reproducibility of the calorimetric trace
in the second heating of the sample immediately after cooling. The
thermal denaturation of S1 was fully irreversible while the denatur-
ation of Hsp27 was completely reversible. Calorimetric traces were cor-
rected for instrumental background by using special DSC approach
described earlier [28]. Transition temperatures (Tm) were determined
from the maximum of the thermal transition.
2.4. S1 aggregation
Thermally induced aggregation of S1 was determined by changes in
either turbidity or light scattering upon incubation of S1 at 43 C in
the absence or in the presence of Hsp27. Turbidity was measured as
apparent optical density at 360 nm on a 3100 Pro spectrophotometer
(Amercham Pharmacia). Light scattering measurements were
performed at 90 on a Cary Eclipse ﬂuorescence spectrophotometer(Varian) equipped with a temperature controller and thermoprobes.
The light scattering at 350 nm was measured with both excitation
and emission slits equal to 1.5 nm. All experiments were performed
in 30 mM Hepes (pH 7.3) containing 1 mM MgCl2 and 100 mM KCl.
2.5. Dynamic light scattering (DLS)
DLS measurements were performed on a Photocor Complex appa-
ratus (Photocor Instruments Inc., USA) equipped with a temperature
controller. The sample was illuminated by a 633 nm laser light, and the
scattering signal was observed at an angle of 90. DLS data were accu-
mulated and analyzed with multifunctional real-time correlator Photo-
cor-FC. DynaLS software (Alango, Israel) was used for polydisperse
analysis of DLS data. The kinetics of S1 aggregation was studied by
measuring an increase in the mean hydrodynamic radius of the parti-
cles (Rh) upon incubation of S1 at 43 C in the absence or in the pres-
ence of Hsp27 in 30 mM Hepes (pH 7.3) containing 1 mM MgCl2 and
100 mM KCl.
2.6. Cosedimentation experiments
S1 (0.5 mg/ml) in the absence or in the presence of diﬀerent quanti-
ties of Hsp27-3D was heated at 43 C in the medium containing
30 mM Hepes (pH 7.3), 1 mM MgCl2, and 100 mM NaCl. During
heating, aliquots of the sample were withdrawn, cooled down, and sub-
jected to ultracentrifugation at 140,000 g for 20 min on Beckman air-
fuge (Beckman Instruments Inc., USA). The protein composition of
the supernatants was determined by SDS–PAGE [24].
Fig. 2. DSC scans of isolated S1 (1.5 mg/ml), isolated Hsp27-3D
(1.2 mg/ml), and the mixture of S1 (1.5 mg/ml) with Hsp27-3D (1.2 mg/
ml). The heating rate was 1 K/min.
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3.1. Heat-induced inactivation of S1 and myosin ATPase
Fig. 1A shows that upon incubation at 43 C S1 ATPase is
rapidly inactivated and the presence of Hsp27 does not aﬀect
this process. The inactivation process did not depend on the
type of S1 ATPase (K+-EDTA-ATPase or Ca2+-ATPase), on
the type of Hsp27 added (wild type Hsp27 or Hsp27-3D) or
on the weight ratio S1/Hsp27 that varied from 8 to 1. The same
results were obtained when intact myosin was used instead of
S1, under conditions similar to those used by Melkani et al.
[21], i.e. at very low myosin concentration (Fig. 1B). All these
indicate that Hsp27 has not any inﬂuence on the heat-induced
inactivation of S1 ATPase and probably is unable to aﬀect
thermal denaturation of S1.
3.2. DSC studies on the thermal unfolding of S1 in the absence
and in the presence of Hsp27
Addition of Hsp27-3D had no eﬀect on the thermal unfolding
of S1 as the S1 thermal transitions with maximum at 47.7 C
obtained by DSC in the absence and in the presence of
Hsp27-3D were almost identical (Fig. 2). On the other hand,
the presence of fully and irreversibly denatured S1 in theFig. 3. Concentration-dependent eﬀects of Hsp27 wt and Hsp27-3D on the he
absence (curve 1) or in the presence of Hsp27 wt (curve 2) or Hsp27-3D (c
density at 360 nm) (A–C) or by light scattering at 350 nm (D–F). The weighsample aﬀected the thermal unfolding of Hsp27-3D. In the
absence of S1, Hsp27-3D reversibly unfolded with Tm =at-induced aggregation of S1. S1 (0.5 mg/ml) was heated at 43 C in the
urve 3), and aggregation was followed by turbidity (apparent optical
t ratio S1/Hsp27 was equal to 8 (A, D), 4 (B, E), and 2 (C, F).
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thermal transition was shifted by 2.6 C to 68.2 C, and its calo-
rimetric enthalpy (the area under the peak) was decreased by
30% (Fig. 2). These DSC results suggest that Hsp27 does
not bind to native S1, but interacts with thermally denatured S1.
3.3. Eﬀects of Hsp27 on the heat-induced aggregation of S1
The results of turbidity measurements clearly show that,
upon incubation at heat-shock temperature, Hsp27 eﬀectively
suppresses in a concentration-dependent manner the heat-in-
duced aggregation of S1 (Fig. 3A–C). It is important to note
that at all S1/Hsp27 weight ratios (from 8 to 2) Hsp27-3D
was more eﬀective in preventing the S1 aggregation than the
wild type protein.
It seems from turbidity experiments (Fig. 3A–C) that S1
aggregation occurs only after 15–20 min of the heating. (Very
similar eﬀect was earlier observed by Melkani et al. [21] who
identiﬁed myosin aggregates after at least 20 min of incubation
at 43 C.) However, this may be due to low sensitivity of the
method. Therefore we performed the same experiments by
measuring light scattering which is much more sensitive than
the optical density. The results show that S1 aggregation be-
gins from the very outset of the heating, and Hsp27-3D pro-
tects S1 from the heat-induced aggregation more eﬀectively
than wild type Hsp27 (Hsp27 wt) does (Fig. 3D–F).
3.4. DLS studies
Trying to understand the mechanism by which Hsp27 pro-
tects S1 from heat-induced aggregation, we applied the DLS
method allowing determination of the size of particles formed
in the process of protein aggregation during heating [29]. The
DLS results clearly show that the hydrodynamic radius (Rh)
value rapidly increases upon heating of S1 at 43 C. The
growth of Rh is reduced in the presence of Hsp27 and is depen-
dent on the weight ratio S1/Hsp27 (Fig. 4). Hsp27-3D wasFig. 4. Eﬀects of Hsp27 wt and Hsp27-3D on the heat-induced
aggregation of S1 as studied by DLS. S1 (0.5 mg/ml) was heated at
43 C in the absence (curve 1) or in the presence of Hsp27 wt (curve 2)
or Hsp27-3D at diﬀerent concentrations (curves 3–6), and the values of
the hydrodynamic radius (Rh) were plotted as a function of the heating
time. The weight ratio S1/Hsp27 wt was equal to 4 (curve 2), and the
ratio S1/Hsp27-3D was equal to 4, 2, 1, and 0.5 for curves 3, 4, 5, and
6, respectively.more eﬀective than Hsp27 wt in delaying Rh growth, and this
growth was almost fully suppressed when the S1/Hsp27-3D
weight ratio was equal to 1 or 0.5 (Fig. 4).
3.5. Co-precipitation of Hsp27-3D with aggregated S1
In order to determine interaction of Hsp27 with partially or
fully denatured S1 we used the method of co-sedimentation. In
these experiments we used Hsp27-3D as it cannot precipitate
itself due to its very small size [6,7,13,14]. We found that
Hsp27-3D eﬀectively prevents in a concentration-dependent
manner the heat-induced aggregation and precipitation of S1
expressed as disappearance of S1 from supernatants obtained
after ultracentrifugation of heated S1 (Fig. 5). We observed
good correlation between precipitation of S1 and Hsp27-3D
in the course of the heating: both S1 heavy chain and
Hsp27-3D simultaneously disappeared from the supernatants
(Fig. 5B–E) and appeared in the pellets (Fig. 5F). This indi-
cates that Hsp27-3D, which does not precipitate itself even
after heating [20], can co-precipitate with heated S1, thus sug-
gesting a rather strong interaction between Hsp27-3D and
thermally unfolded S1.4. Discussion
We have applied diﬀerent methods to analyze the interaction
of Hsp27 with S1 under heat-shock conditions and found that
Hsp27 eﬀectively prevents the thermally induced aggregation
of S1. In this respect, Hsp27-3D was more eﬀective than the
wild type protein (Figs. 3 and 4). This indicates that
phosphorylation leading to dissociation of large Hsp27 oligo-
mers might increase its chaperone activity with certain protein
substrates.
Although Hsp27 eﬀectively prevents the heat-induced aggre-
gation of S1, it does not aﬀect S1 thermal unfolding measured
by DSC (Fig. 2). This may indicate, in good agreement with
our previous results on F-actin [18], that Hsp27 (and probably
other sHSPs) cannot protect target proteins from thermal
denaturation, but eﬀectively prevents their aggregation. This
conclusion disagrees, however, with the opinion of Melkani
et al. [21] that aB-crystallin can suppress thermal unfolding
of myosin head. The authors did not apply any direct methods,
such as DSC, to examine the eﬀects of aB-crystallin on the
thermal unfolding of myosin head. Moreover, these authors
concluded that aB-crystallin cannot interact strongly with
myosin, but that these two proteins probably interact through
transient associations [21]. The results of our cosedimentation
experiments (Fig. 5) contradict this conclusion and suggest a
rather strong interaction between Hsp27 and denatured S1.
However, the main contradiction between our results and
those of Melkani et al. [21] is in the eﬀect of sHSPs on the
heat-induced inactivation of myosin ATPase. In contrast to
these authors, we did not observe any eﬀects of Hsp27 on
the thermally induced inactivation of myosin ATPase
(Fig. 1). We also did not observe any protection of the ATPase
when instead of Hsp27 we used commercially available total
a-crystallin (Sigma) (data not shown). It is worthwhile men-
tioning that in the paper of Melkani et al. [21] protective eﬀect
of aB-crystallin was observed under very speciﬁc conditions, at
the weight ratio myosin/crystallin equal to 1. (Under these
conditions, 50% inactivation was observed after 30 min
incubation at 43 C in the presence of aB-crystallin vs
Fig. 5. Co-precipitation of Hsp27-3D with S1 aggregates. S1 (0.5 mg/ml) was heated at 43 C in the absence (A) and in the presence of Hsp27-3D at
weight ratios S1/Hsp27-3D equal to 4 (B) and 1 (C). During the heating, aliquots (100 ll) were withdrawn, cooled down, and subjected to
ultracentrifugation (20 min at 140,000 g). The protein composition of supernatants twice-diluted by the SDS-sample buﬀer was determined by
quantitative SDS–PAGE (7 ll of each sample was loaded onto the gel). Panels D and E show quantiﬁcation of the data presented in (A–C), i.e.
disappearance of S1 (curves 2) and Hsp27-3D (curves 3) from the supernatant during heating of their mixture at weight ratios S1/Hsp27-3D equal to
4 (D) and 1 (E). Curves 1 in D, E correspond to S1 heated in the absence of Hsp27-3D. The S1 content in the supernatant was followed by its heavy
chain (HC). Hsp, Hsp27-3D; LC1 and LC3, S1 light chains 1 and 3. Data points represent means ± SD from three independent experiments. Panel F
shows protein composition of the pellets obtained by ultracentrifugation of S1 heated 60 min in the absence (lane 1) or in the presence of Hsp27-3D at
weight ratios S1/Hsp27-3D equal to 4 (lane 2) and 1 (lane 3). The pellets were dissolved in the SDS-sample buﬀer (40 ll) containing 6 M urea, and 5 ll
of each sample was loaded onto the gel.
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concentrations aB-crystallin was absolutely ineﬀective,
whereas several fold increase of aB-crystallin concentration
was not accompanied by any signiﬁcant increase of its protec-
tive action. This strange concentration dependence as well as
very unusual linear kinetics of the enzyme inactivation in the
course of incubation might indicate that the authors were deal-
ing with some kind of artifacts.
In conclusion, our results suggest that Hsp27 may protect
myosin heads from aggregation induced by their denaturation
under unfavorable conditions, and by this means Hsp27 and
probably other sHSPs may protect muscles from damages
caused by accumulation of large insoluble aggregates. At the
same time, our results indicate that Hsp27 cannot prevent ther-
mal denaturation of the myosin heads and maintain their
ATPase activity under heat-shock conditions.Acknowledgements: This study was supported by the Russian Founda-
tion for Basic Research (Grants 06-04-48343 and 07-04-00115) and by
the Program ‘‘Molecular and Cell Biology’’ of the Presidium of the
Russian Academy of Sciences.
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